This paper focuses on the load-carrying behaviour of large diameter thin-walled stiffened cylinders with local damage when subjected to axial compressive loading. The case considered in this study corresponds to the residual strength assessment of columns of floating offshore structures with damage resulting from collisions with supply vessels. Numerical simulations of axial compression tests, which examine the collapse behaviour and the ultimate strength of ring-and orthogonally stiffened cylinders dented by a knife-edged indenter, are presented. The behaviour of eight small-scale ring-stiffened cylinders and four orthogonally stiffened cylinder specimens is analysed. Finite element analyses were performed using the ABAQUS FEA software package, and a close agreement between the experimental test results and the numerical predictions was achieved. To assess the factors influencing the reduction in ultimate strength under axial compression and to clarify the progressive collapse behaviour, further analyses were performed on design examples of ring-and orthogonally stiffened cylinders, considering both intact and damaged conditions.
physical experiments available in the literature. A series of analyses are then conducted on generic models of ring-and orthogonally stiffened cylinders to clarify progressive collapse 49 behaviour and to determine the effects of damage size and shell slenderness on the reduction 50 of axial load carrying capacity.
with the same boundary conditions as in the eigenvalue buckling analysis. When determining 114 the imperfection magnitude, the test results were also considered, such that the ultimate 115 strength in intact condition was kept larger than in damaged condition. The ratio of the ultimate 116 strength values calculated using simple formulations over the numerical predictions had a mean 117 of 0.90 and a COV of 14.14%. It must be noted that these simple formulations yielded, in most of the cases, even smaller ultimate strength values than the ones observed in the actual 119 experimental tests of damaged specimens. Therefore, care must be taken when using these 120 simple formulations to calibrate the numerical models. 121 
Inducing damage 122
Rather than simulating the exact force-displacement response of the test specimens during 123 denting, the aim of this step was to obtain an initial geometric deformation, defined with a 124 single parameter, namely the dent depth, for the subsequent collapse analysis. This approach 125 is somehow similar to that incorporated by Paik et al. [39] and Paik [40] in their studies on 126 residual strength of plates. The main difference between these studies and the current one is 127 that in the former the mesh is modified directly imposing imperfections through node 128 translations. In the present study, the denting step serves for the same purpose. The damage 129 simulation was conducted quasi-statically using the dynamic-explicit solver in ABAQUS. To 
134
The knife-edged indenter was modelled as a rigid surface and meshed with a 4-node three-135 dimensional bilinear rigid quadrilateral element R3D4 from the ABAQUS element library. The 136 tip of the indenter was rounded with a 3 mm radius and meshed with six elements to ensure the 137 face of the element was in contact with the target surface. The rigid surface was forced to move 138 perpendicularly to the cylinder axis up to the permanent dent depth obtained in experiments.
139
The indenter was not retracted, as such elastic spring-back of the specimens was not considered.
140
The displacement was applied by smoothly ramping up from zero, to ensure that no stress wave 141 propagated through the model. The contact between the indenter and the specimen was defined as a general contact algorithm in ABAQUS that uses the penalty method for the contact 143 constraint. The mass of the indenter was assumed to be 10 kg, which is of the order of the mass 144 of the specimens. The boundaries of cylinders were constrained in all degrees of freedom.
145
In the denting step, material strain hardening was included to obtain a more realistic damage 146 profile. A simple power-law expression for a true stress-strain relation, proposed by Zhang et 147 al. [47] , was utilised:
εu is the strain corresponding to ultimate tensile strength σu. For a given value of σu, εu can be 153 calculated as follows:
Ultimate tensile strength of the material of all specimens was taken as 396 MPa, which is given 156 in [34] . Engineering stress-strain and true stress-strain curves of CY-2, as obtained from the cross-section of the damaged cylinders is shown in Fig. 7 . From the geometrical relations, the 164 length of flattened section Lf can be expressed as a function of the dent depth d:
Because of the flattening of the upper segment of the cylinder section, the section becomes 167 asymmetric and the plastic neutral axis shifts downwards.
168
In short and stocky cylinders with large D/t, local indentation is the dominant deformation 169 mode. Therefore, the global deformations, in the form of beam bending, were not considered. can be defined as the initial geometry for the collapse analysis. This feature was utilised in 173 post-damage ultimate strength assessment of the test specimens. By doing so, however, the 174 residual stresses caused by denting in the damaged segment were lost. Xu and Guedes Soares
175
[43] performed a numerical study on the residual strength of stiffened panels under axial 176 compression that retained their residual stresses after denting. Xu and Guedes Soares concluded 177 that, with residual stresses, the ultimate strength of the dented stiffened panels was slightly 178 larger than without inclusion of the residual stresses, due to the tension stresses in damaged 179 area. In this current study, the effect of residual stresses is neglected. Only the mesh 180 configuration of the models was updated prior to the collapse analysis.
181
In the post-damage collapse analysis, the modified Riks method was used, and large 182 deformations and plasticity were included. The material was assumed to be elastic-perfect 183 plastic, i.e. the effect of strain hardening was neglected. Although this assumption is pessimistic,
184
it is believed that it does not lead to significant discrepancies between the tests and the 185 numerical simulations, as far as the ultimate limit state is concerned. The residual stresses induced by welding were not considered. To apply purely axial compression, as in the 187 experiments, suitable boundary conditions had to be constructed. For this purpose, as shown in 188 Fig. 8 , at one end of the cylinders all degrees of freedom were constrained, while all nodes at 189 the other end were coupled to a reference node to which an axial displacement was applied. At 190 this reference node, the remaining five degrees of freedom were constrained. The axial force 191 and displacement values were obtained from the reference node.
192
As previously mentioned, to evaluate the reduction in load carrying capacity and to compare 193 with the damaged condition response, intact specimens can be analysed using the same 194 assumptions. The analysis procedure is summarised in Fig. 9 . 
Benchmarking numerical predictions with the test results

196
The test results and the ultimate axial load values obtained from the numerical analysis are The sources of the errors can be attributed to the actual imperfections in the test specimens, the 207 uncertainties in the boundary conditions and perhaps, the residual stresses after denting. it can be concluded that the geometrical distortion due to denting plays a more important role than the other parameters of influence. Thus, it can be concluded that the numerical modelling 211 strategy proposed in this study is able to represent the effect of denting damage in stiffened 212 cylinders.
213
Next, the sensitivity of the modelling uncertainty factor to dent depth was checked. A plot of
214
Xm versus dent depth, normalised with cylinder diameter D, is shown in Fig. 11 . It is inherent 215 that the scattering particularly occurs at small dent depths and this was observed in the ring-216 stiffened cylinder specimens. The predictions are quite consistent for orthogonally stiffened 217 cylinders specimens, which have larger dents.
218
In addition to the ultimate strength values, the axial shortening curves can be used for 219 benchmarking and give more insights about the response of the specimens. In Fig. 12 , the axial 220 shortening curves of the orthogonally stiffened cylinder specimens obtained from the numerical 221 analyses are compared with the curves reproduced from [45] . Here σx,ave and εx,ave denote 222 average axial stress and strain, respectively. These quantities are normalised with yield strength 223 σY and yield strain εY. Unfortunately, the available curves for ring-stiffened cylinder specimens 224 do not extend beyond collapse; hence, they are excluded. The main discrepancies between the 225 test and numerical results were the differences in stiffness, particularly during the initial stages 226 of loading. This might be primarily due to the load application in actual tests where eccentricity 227 of the applied compression is inevitable. Another cause of this discrepancy might be non-228 uniform loading, due to the initial outward bulging of the specimens. Ronalds and Dowling 229 [27] states that, after denting, the end blocks were detached, which caused additional strain and 
237
Lastly, the post-collapse shape of the specimens was checked. Harding and Onoufriou [24] 238 indicate that lobular buckling occurred in models CY-4 and CY-7, as would be expected for 239 the corresponding intact models. In Fig. 13 , the numerically obtained views of several test 
Case studies
247
The results of the numerical analyses confirmed that the proposed numerical modelling strategy The first target structure was the ring-stiffened cylinder of a spar platform, given in [49] . It was 254 assumed that this ring-stiffened cylinder was a structural element of a cell spar with a multi-255 cylinder column. The dimensions and the material properties of the model are shown in Table   256 6. The cylinder was divided into five bays with four T-shaped ring-stiffeners. The R/t ratio was 
261
After calibrating with the simple ultimate strength formula, the imperfection magnitude was 262 taken as 6.05 mm. The boundary conditions were the same as in the benchmarking study.
263
For this model, first, a series of finite element analyses that varied the dent depth were 264 conducted. The range of d/D was determined by examining the collision database given in [10] 265 for floating offshore structures and supply vessels and taken as 0.01 to 0.08 in 0.01 increments.
266
The dent was applied through a knife-edged indenter with a 45° edge angle and a 50 mm tip 267 radius. The knife-edged indenter was modelled as a rigid surface. In Fig. 15 , the axial 268 shortening curves for the intact case and each damaged case are shown.
269
It is evident from Fig. 15 that the presence of the dent significantly affected the collapse 270 behaviour of the ring-stiffened cylinder model. In the pre-buckling stage, the response was 271 linear. In damaged condition, contrary to the intact case, earlier buckling leads to a decrease in 272 stiffness, followed by a collapse after the ultimate strength was reached. The ultimate strength 273 was not reduced to any great extent, as the dent depth increased, i.e. the shell was still able 274 retain considerable axial loading in its damaged condition. The increase in the dent depth did The fluctuations in force-displacement response after collapse indicate the gradual formation 279 of buckles around the circumference. The dents lead to the redistribution of axial stresses 280 around the circumference, in which an early yielding occurs adjacent to the dent, leading to 281 outward bulging of the shell close to the dent zone. Periodic axial stress distribution caused rapid formation of inward and outward periodic diamond-shape lobes. This process is 283 illustrated in Fig. 17 .
284
The progressive collapse behaviour was further clarified by examining the axial compressive 285 stress distribution around the circumference at various stages of the loading, as shown in Fig.   286 18. Here, 0° corresponds to the dent location. From Fig. 18 , it can be inferred that very little 287 axial load is carried by the flattened dent zone. Moreover, there are high stress concentrations 288 near the ends of the dent zone, which gradually reduce to a uniform value for the remainder of 289 the circumference. High compressive stresses adjacent to the dent zone are balanced with 290 tensile stresses in the dent zone. In the post-collapse regime, the periodic axial stress 291 distribution is noticeable.
292
To clarify the effect of the damage shape on the strength reduction, additional analyses were 293 conducted, where the damage was induced using hemispherical indenters. The indenters had 294 various hemisphere radii over the stiffener spacing ratio (r/l). For several dent depths, a 295 comparison was made with damage induced using a knife-edged indenter. The main difference 296 in these two cases was that after knife-edged indenter-induced denting, there was a more 297 pronounced flattening of the circumferential cross-section, while the hemispherical indenter 298 resulted in more longitudinal damage. In Fig. 19 , the ratio of the ultimate strength in damaged 299 condition σxu over the one in intact condition σxu,i is shown for various dent sizes and indenters. Lastly, the influence of cylinder slenderness on ultimate strength reduction was investigated.
305
For this purpose, the thickness of the reference cylinder model was varied. In total, four additional cases were considered. The resulting ratios of ultimate strength in damaged 307 condition σxu over ultimate strength in intact condition σxu,i are shown in Fig. 20 . From Fig. 20,   308 it can be concluded that the R/t ratio had a significant influence on the strength reduction of The second target structure was an orthogonally stiffened cylindrical shell of a TLP column, 323 as given in [50] . The dimensions and material properties of the model are shown in Table 7 .
324
The cylinder was divided into three bays with two ring-stiffeners. The cylinder radius was 325 much larger than the radius of the ring-stiffened cylinder model investigated in the previous 326 section. Sixty stringers provided additional axial stiffness and strength to the cylinder shell.
327
The ring-stiffeners and the stringers had T-sections. with the simple ultimate strength formula, the imperfection magnitude was assumed to be 10 333 mm. The analysis procedures were same as in the benchmarking study.
334
A series of finite element analyses were performed, varying the dent depths. In Fig. 22 , the 335 axial shortening curves for the intact case and each damaged case are shown. In Fig. 22 , it is 336 demonstrated that the collapse behaviour of the orthogonally stiffened cylinder considered in 337 this study is not sensitive to local damage. Due to the large axial bending stiffness of the 
353
The axial stress distribution at various stages of the loading is shown in Fig. 25 . In this figure,   354 the contours indicate axial stress σx. It is apparent that the shell and stringers in the dented zone 355 were ineffective at carrying axial load, while the undamaged sections remained unaffected and 
Concluding remarks
363
The aim of this study has been to assess the validity of the proposed nonlinear finite element orthogonally stiffened cylinders considered in this study, the residual strength does not 386 decrease significantly with increasing dent depth.
387
 In ring-stiffened cylinders, the residual strength is influenced by the shell slenderness.
388
As R/t increases, the effect of damage on the load carrying capacity is more severe.
389
 For the orthogonally stiffened cylinders considered in this study, owing to the sturdiness 390 of the stringers, the strength reduction is not drastic; in the worst case, it is not more 391 than 12%. The damaged stringers become ineffective in carrying the axial load, 
395
In addition to axial compression, the buoyancy columns of floating offshore installations are 396 subjected to external pressure, as well as to longitudinal bending. Further studies are required for these different types of loads and the combinations thereof. Moreover, the dent depth range 398 considered in the present study does not result in the rupture of the cylinder shell. The residual 399 strength assessment of perforated stiffened cylinders is recommended for future study.
Appendix A
401
Ultimate strength of ring-stiffened cylinders under axial compression 402 Das et al. [3] provide the following formulations for the calculation of ultimate strength of ring-403 stiffened cylinders subjected to axial compression.
404
The elastic buckling stress of an imperfect ring-stiffened cylinder:
where σcr is the classical buckling stress for a perfect thin cylinder is given by
Zl is Batdorf parameter and given as For ultimate strength assessment of orthogonally stiffened cylinders subjected to axial 428 compression, Das et al. [46] propose the following formulations.
429
Elastic buckling stress for perfect curved panel of mean radius R, arc length s (stringer spacing): Tables   Table 1. Properties of the ring-stiffened cylinder specimens. 
